The Bcl-2 protein family function(s) as important regulators of cellular decisions to heed or ignore death signals. The threedimensional structure of the Bcl-2 homolog, Bcl-X L , bears a strong resemblance to some pore-forming bacterial toxins. This similarity suggested that the Bcl-2 family proteins may also possess channel-forming capability. This review summarizes the recent initial studies on the in vitro channel activity of Bcl-2, Bcl-X L and Bax and offers some speculation as to the physiological role that these channels may play in the cell death pathway.
Introduction
Akin to a spy who carries a cyanide capsule with which to commit suicide upon capture, each cell in an animal species carries within it a program to direct its own death. An attenuated rate of programmed cell death (PCD) can result in disorders ranging from autoimmune disease to cancer, while an increased rate of PCD occurs in diseases such as AIDS or neurodegenerative disorders (e.g. Parkinson's disease) (Reed, 1994; Thompson, 1995) . The gene encoding Bcl-2 (B-cell lymphoma/leukemia-2) was first identified on the basis of its involvement in B-cell malignancies where chromosomal translocations activate bcl-2 in~85% of follicular non-Hodgkin's B-cell lymphomas (Tsujimoto et al, 1985) . Bcl-2 extends cell survival against apoptotic signals induced by a variety of treatments including: growth factor deprivation; ultraviolet and g-radiation; heat shock; some cytotoxic lymphokines (i.e., tumor necrosis factor); calcium ionophores; viral infection; and agents that promote formation of free-radicals (Reed, 1994) . The ability of Bcl-2 to protect cells from such an assortment of insults, and the differing biochemical pathways which they utilize, suggests that Bcl-2 must control one or more of the distal steps in the cell death pathway.
Immunoprecipitation and yeast-two hybrid assays have aided in the expansion of the Bcl-2 family which now includes 16 cellular members and five viral homologs, among which are: Bcl-X L , Bcl-X s (Boise et al, 1993) , Bax , Bak (Chittenden et al, 1995) . The Bcl-2 family members are at cross-purposes; Bcl-2 and Bcl-X L promote cell survival, while Bcl-X s , Bax and Bak encourage cell demise. While Bcl-X L shows the greatest degree of sequence identity with Bcl-2 (~45%), the pro-apoptotic proteins Bcl-X s , Bax and Bak have pockets of sequence similarity, denoted BH1, 2, 3 and 4. The BH3 domain is present within all family members, while BH4 is found at the extreme N-terminus of primarily only anti-apoptotic proteins. Deletion mutagenesis has suggested that it is these regions of sequence similarity that govern protein-protein interactions between the family members to form either homo-or heterodimers (Yin et al, 1994; Sedlak et al, 1995; Zha et al, 1996a) . The fate of the cell appears to rest with the relative amounts of these proteins, and the identity of the predominate protein complexes .
Cellular localization of Bcl-2, Bcl-X L , Bax
With no readily identifiable sequence motifs, the biochemical mechanism by which the Bcl-2 family of proteins modulates apoptosis has remained elusive. Bcl-2, Bcl-X L , and Bax are localized to the outer mitochondrial membrane via a Cterminal~20-residue hydrophobic tail. (Krajewski et al, 1993; Gonzalez-Garcia et al, 1994; Zha et al, 1996b) , although Bcl-2 and Bcl-X L can be found in other sites as well, including the nuclear envelope and the ER. Immunoelectron microscopy revealed a non-uniform distribution of Bcl-2 in mitochondrial membranes, suggesting that it may be preferentially localized to zones of adhesion (ZOA) which join the outer and inner mitochondrial membrane (Krajewski et al, 1993; de Jong et al, 1994) . Association of Bcl-2 with ZOAs, which are predicted to be sites of protein and ion import (Schatz, 1993) , implies that Bcl-2 may be involved in regulating these activities.
Previously, Bcl-2 was predicted to have the ability to influence intracellular Ca 2+ distribution (Baffy et al, 1993; Lam et al, 1994) and play a role in an antioxidant pathway (Hockenberry et al, 1993; Kane et al, 1993) . However, the importance of these possibilities are questioned by studies which showed that the apoptotic pathway can proceed in an anaerobic environment and with decreased Ca 2+ levels (Jacobson and Raff, 1995; Reynolds and Eastman, 1996; Shimizu et al, 1996) . Alternatively, Bcl-2 is able to counteract a decrease in mitochondrial membrane potential (DC m ), an early event in the apoptotic process, suggesting that Bcl-2 can perhaps balance perturbations in normal DC m (Zamzani et al, 1995) . The mitochondrial membrane localization would thus place Bcl-2 at an advantageous site to participate in all of the above functions.
Bcl-X L structure and implications for function
A new possibility for the biochemical function of the Bcl-2 family proteins is suggested by the recently determined 3-dimensional structure of Bcl-X L (Muchmore et al, 1996) . Bcl-X L is comprised of 7 a-helices arranged in three layers. The outer two layers of amphipathic helices sandwich between them two long central a-helices (each approximately 20 residues) with a bias toward hydrophobic residues. A long loop devoid of secondary structure intervenes between the first and second helices. Interestingly, the sequence corresponding to this proline-rich`loop' region of Bcl-X L is absent in the pro-apoptotic members of the Bcl-2 family and poorly conserved among anti-apoptotic proteins such as Bcl-2 and Bcl-X L . Although this loop is dispensable for the antiapoptotic function of Bcl-X L and Bcl-2, this region may be vulnerable to protease digestion (Strack et al, 1996) and contains phosphorylation sites . Posttranslational modifications or conformational changes mediated via this domain may serve as a means for modulating the anti-apoptotic activity of Bcl-2 and Bcl-X L .
The BH1, 2 and 3 domains fold together to give one face of the Bcl-X L molecule a pronounced hydrophobicity. This structural feature, coupled with site-directed mutagenesis studies, suggests that hydrophobic protein-protein interactions may be the`glue' that holds the Bcl-2 family homoand heterodimers together. Indeed, a peptide corresponding to the BH3 region of Bak was found to be able to nestle into a crevice formed by the apposition of the BH1, BH2 and BH3 regions of Bcl-X L (Sattler et al, 1997) . This crevice is just wide enough to accommodate an a-helix and the Bak BH3 peptide obliges this structural constraint by undergoing a transition from random coil to a-helix upon binding to Bcl-X L in vitro. This interaction is governed by both hydrophobic and electrostatic forces, and disruption of either by introduction of alanine at several sites along the Bak peptide's length was sufficient to abolish binding. BH3 peptides also disrupt dimerization among other members of the family, including Bcl-2 and Bax (Diaz et al, 1997) A bacterial connection?
The Bcl-X L structure bears a striking resemblance to the previously solved structures of the diphtheria toxin membrane-translocation domain (Choe et al, 1992) and the poreforming domains of colicins A and E1 (Parker et al, 1992; Elkins et al, 1997) . The diphtheria toxin, produced by Corynebacterium diphtheriae, is composed of two parts: the A and B fragments, which possess ADP-ribosylation and pore-forming activity, respectively (London, 1992) . The diphtheria toxin gains access to the cell by receptor-mediated endocytosis and upon encountering the acidic pH inside the endosome, the B fragment forms a channel in the endosomal membrane through which the A-fragment passes.
Colicins are plasmid-encoded protein antibiotics that are produced by and active against Escherichia coli and related strains. The ability to produce colicin is not a rare trait among E. coli inhabiting the human gut. Out of a survey of 234 E. coli strains isolated from healthy or diseased humans, more than 60% of the strains had the ability to produce at least one form of colicin (Achtman et al, 1983) . Within populations of colicinogenic bacteria, a small fraction of the cells are producing colicin. Colicin expression is strongly repressed under normal conditions, but this repression can be relieved when the cell's DNA is irretrievably damaged (Pugsley and Oudega, 1987) . Colicin producing cells are non-viable and thus colicin production is assumed to be a lethal event wherein some cells are sacrificed so that the community may survive, not unlike the clearing of aged or defective cells by apoptosis in animal species.
The pore-forming colicins kill sensitive cells via the formation of a highly conductive voltage-gated ion channel in the target cell's cytoplasmic membrane. This channel is non-specific and conducts monovalent ions with diffusion rates (410 6 ions-channel 71 -sec 71 ) that exceed the rate of cellular proton extrusion and results in depolarization of the cytoplasmic membrane. There are several consequences of this depolarization: inhibition of active transport; and depletion of intracellular K + , phosphate, and ATP stores either through hydrolysis or leakage through the colicin pore (Cramer et al, 1995) .
Although colicins and diphtheria target very different organisms, the structures of both these bacterial toxins share a similar`cloak and dagger' strategy in which the hydrophobic`dagger' is shielded within a shell of amphipathic helices, allowing these proteins to lead`dual lives' in that they may exist in a soluble state, but under certain conditions, will insert into membranes to form a channel (Oh et al, 1996; Shin et al, 1993; Donovan et al, 1982) . This characteristic has made them the subject of numerous studies having the goal of determining how proteins insert into a membrane bilayer.
The structural similarity between BclX L and the poreforming domains of bacterial toxins suggests that the Bcl-2 family of proteins should have pore-forming potential. The features of the Bcl-X L structure should be applicable to the other Bcl-2 family members, an inference supported by the example of the pore-forming domains of colicins A, E1, and Ia, which share at most 30% sequence identity (Cramer et al, 1995) , yet have highly similar 3-dimensional structures. Figure 1 shows the predicted structures of Bcl-2 and Bax which were modeled using the coordinates of Bcl-X L .
Bcl-X L , Bcl-2, and Bax pore formation in vitro For the Bcl-2 protein family members to form pores they must contain helices that are long enough to span the membrane bilayer and these helices must be largely devoid of charged residues. Each residue of an a-helix contributes~1.5 A Ê to its overall length. If an average lipid bilayer has a hydrophobic cross-section of~30 A Ê (Montal and Mueller, 1972) , then for an a-helix to span a membrane bilayer and participate in channel Bcl-2 proteins as ion channels SL Schendel et al formation, it must be~20 residues long. Bcl-X L has two helices that meet these criteria, and they are the two central helices (i.e., a5 and a6; Figure 1 , as indicated). Although two helices are insufficient to enclose an aqueous lumen, the propensity for the Bcl-2 protein family members to form dimers suggests that two or more molecules could come together, each contributing their hydrophobic helices to create a pore.
To explore the pore-forming capability of the Bcl-2 protein family, several groups have undertaken studies of Bcl-2, Bcl-X L , and Bax effects on planar lipid bilayers and lipid vesicles. Large, unilamellar vesicles that encapsulate either ions or fluorescent dyes are useful for observing channel formation. This technique monitors channel formation on a macroscopic level, in that for solute efflux from these vesicles to be detected, (particularly measurement of ion efflux) a majority of protein molecules must participate in channel formation. Demonstration of channel activity in vesicles discounts the possibility that only a very small fraction of molecules are inserting into the membrane bilayer. However, this method lacks the sensitivity to yield specific information concerning channel conductance, voltage-gating, or ion selectivity. These specific channel characteristics are best studied using the planar lipid bilayer configuration. In the planar bilayer approach, two chambers are divided by a septum having a small (50 ± 200 mM diameter) aperture in which the membrane bilayer is formed (for reviews see Montal and Mueller, 1972; Kagan and Sokolov, 1994) . Consistent with the structural prediction, Bcl-2, Bcl-X L , and most recently, Bax, have demonstrated avid pore-forming capability in vitro when assayed under conditions similar to those employed previously for assessing DT and colicin channel activity in vitro.
In vitro channel formation by the pore forming domains of both colicins and diphtheria toxin requires that several requirements be met: (i) the pH must be less than 4.0; (ii) the membrane must contain at least 10% negatively charged lipids; and (iii) a trans-negative membrane potential (i.e. the side of the membrane opposite to which the protein is added has an excess negative charge) must be present. With these requirements in mind, an assay used to measure in vitro colicin channel activity was carried out, except with the substitution of Bcl-X L or Bcl-2 for colicin E1. Bcl-X L and Bcl-2 induce solute efflux from KCl-loaded vesicles composed of 70% and 30% neutral and anionic lipid, respectively. Interestingly, Bcl-2 induced Cl 7 -efflux from KCl-loaded vesicles required sixfold less protein compared to Bcl-X L (300 vs 1800 ng/mL). This variation could be attributable to the fact that the Bcl-2 protein preparation used for these studies was soluble only at acidic (pH 3.3) pH, while Bcl-X L was soluble at pH 7. In the case of colicin E1, incubation of the protein at acidic pH prior to addition to liposomes results in a dramatically increased activity, as if the protein were`primed' to interact with the membrane (S.L. Schendel and W.A. Cramer, unpublished observations) . A similar situation could occur for Bcl-2 as well. Side-by-side comparison of colicin E1 channel peptide activity and that of Bcl-2 showed that onlỹ 5-fold more Bcl-2 was necessary to induce an efflux rate similar to that of colicin E1, highlighting the pore-forming capability of Bcl-2. As with colicin E1, Bcl-X L -induced significant ion efflux only when the pH was lower than 4.0. Channel activity was improved in the presence of the K + -specific ionophore valinomycin, which transports K + ions out of the liposome, creating a trans-negative membrane Figure 1 Ribbon diagrams of Bcl-2 and Bax modeled on the coordinates of Bcl-X L using the QUANTA software package (Molecular Simulations, San Diego, CA). The putative membrane-spanning helices, a5 and a6, are the darker ones. The predicted loop of Bcl-2 is not shown potential. When the same assay was performed with liposomes composed solely of neutral lipids, both Bcl-X L and Bcl-2 lost all channel-forming activity.
Most studies of colicin and DT channel formation utilized the fragments of the toxins containing the pore-forming region which lacks domains required for binding to the integral membrane protein receptors on the surface of the target cells. The removal of these other regions from the toxin adds additional constraints for channel activity which are probably irrelevant in vivo. In the case of the colicin pore-forming domain, the low pH and acidic lipid requirements for in vitro channel activity can be explained in terms of lipid-protein interactions. The colicin E1 pore-forming domain has a number of lysine residues which are vital in docking the protein at the negatively charged membrane surface (Zakharov et al, 1996) . The low pH also may induce a conformational change in the colicin molecule, presumably a loosening of the outer amphipathic shell that would expose the central hydrophobic helical hairpin, freeing it to insert into the membrane bilayer (van der Goot et al, 1991; Schendel and Cramer, 1994) . Analogously, the Bcl-X L and Bcl-2 proteins used in all studies to date lack the hydrophobic C-terminal anchor, which facilitates purification, but also relieves the protein of its normal means of membrane tethering. Therefore in vitro, it may be necessary to have acidic pH to increase the likelihood that the protein will`find' the membrane surface. Bcl-X L and Bcl-2 have a slightly net negative charge at neutral pH and therefore the acidic pH could be necessary to protonate these negatively charged residues and the resultant charge neutralization could increase the hydrophobicity of the protein, making it more likely to insert into the membrane bilayer.
To gain information about the details of Bcl-X L and Bcl-2 channel formation, their activities on planar bilayers were examined Schendel et al, 1997) . Upon addition of the proteins to one side of the planar bilayer apparatus, a voltage can be applied at a constant value. Any resultant current can be plotted as a function of the applied voltage which yields the channel conductance. The channel conductance is expressed in terms of siemens (S), and the channel conductances observed for the Bcl-2 protein family are in the picosiemen (pS) range. The conductance (g) is readily obtained using Ohm's law from a plot of current vs voltage (I-V plot) by dividing the current (expressed in Ampere, A) by the voltage difference across the membrane (V) (I=gV) (Hille, 1984) (Box 1).
At pH 4.0, after imposition of 20 mV potential, Bcl-X L rapidly (55 min) incorporated into the lipid bilayer to give a conductance that increased in a step-wise fashion, eventually to levels where resolution of single-channel conductance was difficult. In contrast to the liposome measurements, channel formation by Bcl-X L could be detected at neutral pH. Channel formation at this pH was a much rarer event, with a lag time between addition of protein to observation of channel formation increasing tõ 30 min. At both pH 7.2 and pH 4.0, the relationship between voltage and current was Ohmic in that a plot of current vs applied voltage is linear. The Bcl-X L channel displayed multiple conductance states with the most common conductance value being 276 pS for Bcl-X L and three other conductance states of 80, 134, and 179 pS in 0.15 M KCl (Table 1) . Bcl-2 proteins as ion channels SL Schendel et al When assayed in planar bilayers, Bcl-2 also displayed a linear relationship between current and voltage, in that the current conducted at +100 and 7100 mV was identical except for opposite direction of current flow. However, the Bcl-2 channel's conductance states were much different than those detected for Bcl-X L . The primary conductance levels for Bcl-2 were~1/10 that of Bcl-X L , with the most common channel events having conductance of 20 and 40 pS in 0.5 M KCl (Table 1) . A larger conductance of 90 pS was also observed, albeit only rarely. Each of these conductance levels was a unique channel activity and not representative of several simultaneous openings of 20 pS channels . The conductances of Bcl-2 channels were nearly the same at neutral and low pH, but at lower pH the Bcl-2 channels opened more frequently, suggesting that channel insertion increases markedly.
Structural implications of conductance measurements
The 20 pS conductance level of Bcl-2 is highly similar to that observed for colicin E1 in planar lipid bilayers (Bullock et al, 1983) . The colicin E1 channel is predicted to consist of a bundle of four a-helices, two hydrophobic, and two amphipathic, which penetrate the membrane bilayer spontaneously and upon imposition of a trans-negative membrane potential, respectively (Elkins et al, 1997) . Although Bcl-2 would be predicted to possess only two helices of sufficient length to span a membrane bilayer, two Bcl-2 monomers could come together to form a four helix bundle, with each contributing two a-helices to the channel. Alternatively, studies employing synthetic peptides which insert into membranes to form pentameric helical bundles gave rise to~40 pS channel conductances (Montal et al, 1993) . For this situation to occur, additional helices of Bcl-2 could insert into the membrane, although the other predicted helices, while possibly long enough, contain residues which would entail significant energy costs to insert into the hydrophobic membrane bilayer (e.g. Lys, Arg) or residues traditionally considered to disrupt helices (e.g. Pro, Gly). Although these studies were performed with Bcl-2 lacking its C-terminal anchoring region, it is conceivable that this region of the protein, while dispensable for function in vivo (Borner et al, 1994) , could contribute to channel formation. More likely, however, the larger conductances measured for Bcl-2 and particularly for Bcl-X L could result from oligomerization of three or more molecules integrated into the lipid bilayer.
Ion selectivity of Bcl-2 and Bcl-X L channels
Ion selectivity of a channel can also be determined using planar bilayer measurements. The selectivity is a preferential ability of a channel to conduct a given ionic species more efficiently than others and can be expressed in terms of the ratio of permeability or conductance values for the ions under comparison. The pore selectivity can be affected by the residues lining the mouth and lumen of the pore, e.g., the presence of negatively charged residues in the lumen of the pore would be expected to impede the passage of anions through the pore. When channel activity is measured in a planar bilayer apparatus in which the ion concentration of the cis-compartment differs from that in the trans-, there occurs a potential at which the current is zero, which appears as the yintercept on a current vs voltage plot.
This zero-current potential can be related to the permeability ratios of the ions under consideration by the following equation:
where E rev is the zero-current potential and P A and P B represent the permeabilities of the ion A and B, where both ions have identical valences. Using a variety of solutes and concentration gradients, and measuring the point at which no net current flows, it is possible to determine the ion selectivity. The ion selectivity of the Bcl-X L channel varied as a function of pH, having a permeability ratio between K + and Cl 7 (P K /P Cl ) of 1.05 and 4.31 at pH 4.0 and 7.2, respectively. This indicates that at pH 4.0 there exists no barrier within the lumen that would impede the passage of either cations or anions, but at pH 7.2, cations pass Figure 2 Helical wheel analysis of predicted a-helices 5 and 6 of Bcl-2, Bcl-X L , and Bax. Residues for Bcl-2 and Bax were selected on the basis of sequence alignment with Bcl-X L . The plots were constructed based on the ahelical periodicity of i...i+4. Positive and negative residues are highlighted with a circle and square, respectively. The charged face of the helix would be predicted to line the channel lumen Bcl-2 proteins as ion channels SL Schendel et al through the channel with much greater ease. This result supports the prediction that Bcl-X L should prefer to pass cations, as a a-helical wheel analysis of the putative membrane insertion domain shows a bias toward acidic residues on one face of the helices (Figure 2 ). Presumably at pH 4.0, these residues would be protonated and would not interfere with the passage of either cations or anions, but at pH 7.2 the negative charge on these residues should discourage anion passage. At pH 5.4, Bcl-2 was also 90% cation selective . Again, this agrees well with a a-helical wheel analysis of the putative fifth and sixth helices of Bcl-2, which suggested that the faces of these helices predicted to line the channel lumen have residues with acidic side chains (Figure 2 ). To explore whether the predicted 5th and 6th helices of Bcl-2 were indeed responsible for its observed ion channel activity, this region was deleted resulting in a protein that is highly similar to the alternatively spliced variant of Bcl-X L , Bcl-X s . The loss of this region converted Bcl-2(Dh5,6) to a pro-apoptotic protein, similar to Bcl-X s . Bcl-2(Dh5,6) promiscuously promoted low-level ion efflux from KClloaded vesicles in that identical amounts of ion flux were detected under all conditions tested, even those where Bcl-2 failed to display activity, such as on 100% neutral lipid vesicles and at pH values above pH 4.5 . This non-specific behavior may be due to the amphipathic nature of this shortened Bcl-2 molecule, in that it may be interacting with the membrane surface in much the same way an amphipathic detergent would.
In planar bilayers, Bcl-2(Dh5,6) failed to form discrete channels, but produced only random stray conductances. These results suggest that pore formation of Bcl-2, and presumably Bcl-X L , absolutely requires the presence of the hydrophobic central 5th and 6th helices.
Bax in vitro channel formation
The most recent member of the Bcl-2 protein family documented to display pore-forming activity is the proapoptotic protein Bax (Antonsson et al, 1997) . As with Bcl-X L and Bcl-2, Bax lacking its C-terminal hydrophobic anchor was used. As with Bcl-2, only nanomolar concentrations of Bax were necessary to induce a healthy efflux of liposomeencapsulated fluorescent dye carboxyfluorescein at pH 4.0. But in contrast to Bcl-2 and Bcl-X L , detectable levels of dye efflux from liposomes were noted even up to pH 7.4, although at~8-fold lower amounts. Whether or not this result indicates that the channel properties of Bax differ from that of Bcl-2 and Bcl-X L is unclear, as the inactivity of Bcl-2 at pH 7.4 could be attributable to its low solubility in the absence of detergents at this pH. Moreover, it should be noted that the colicin E1 poreforming domain has detectable activity using a similar dyeencapsulation method, although it shows no appreciable activity with measurements of ion-efflux at neutral pH using electrodes. Thus, the capability of this fluorescence-based assay to detect much lower amounts of solute loss prevents a direct comparison with the findings obtained by other groups who employed methods relying on electrodes to detect ionefflux.
In planar bilayer measurements, Bax was able to increase membrane conductance at both pH 4 and 7 within 10 ± 60 min after Bax addition (Antonsson et al, 1997) . At pH 4.0, unitary conductance steps similar to those detected for Bcl-2 were seen: 27 and 77 pS in 125 mM NaCl (Table 1) . These conductances were transient, consistent with the behavior of Bcl-2 and Bcl-X L . The conductances increased as the pH was raised to 7.0 and sub-populations of channels having conductances at 26, 80, 180 and 250 pS were detected. As the measurement progressed with time, larger conductances occurred in steps of 450 pS resulting in a final conductance near 2 nS. Recent studies of Bax channel activity in planar bilayers were in agreement with these results in that a predominant conductance state of 300 pS was detected at pH 7.0 (Schlesinger et al, 1997) .
Unlike the channels observed for Bcl-2 and Bcl-X L , the Bax channel did not display a linear relationship between current and voltage (Antonsson et al, 1997; Schlesinger et Figure 3 Schematic representation of Bcl-2 tethered to a membrane via its hydrophobic C-terminal region. The BH4 and BH3 domains involve a-helices 1 and 2, respectively. The loop connecting a-helices 1 and 2 is shown devoid of secondary structure, as suggested by the Bcl-X L structure (Muchmore et al, 1996) . Upon membrane integration, a-helices 5 and 6 are postulated to insert into the membrane bilayer. This insertion could be accompanied by a conformational change which could free the BH4 and BH3 domains for interactions with other proteins. Presumably, at least two Bcl-2 molecules would participate to form a conductive channel consistent with a four-helix bundle 1997) . Application of a cis-negative voltage enhanced channel formation, suggesting that channel formation by Bax is voltage-dependent. It must be borne in mind that this voltage dependence could reflect either the steps of Bax protein insertion into membranes or opening/formation of channels after insertion. The membrane potential dependence is opposite that observed for the colicins, which insert into planar bilayers upon imposition of a cis-positive voltage (Cramer et al, 1995) . Bax channels were more weakly ion selective at pH 7.0 than were either Bcl-2 or Bcl-X L having a permeability ratio of Na + to Cl 7 of 2.1, nearly half that of Bcl-X L . This result differs from a recent study of Bax channel characteristics wherein Bax channels were anion-selective at pH 7.0 (P K /P Cl =0.5) (Schlesinger et al, 1997) . The actual ion preference of the Bax channel thus remains unsettled, however the bias towards positively charged side chains in the predicted 5th and 6th helices of Bax (Figure 1 ) would appear to support the latter study's findings.
Though highly controversial, it is tempting to speculate that the presence of a proton gradient and membrane potential across the inner mitochondrial membrane may somehow impact on the processes of protein insertion or channel formation/opening, particularly at the contact sites where the inner and outer membranes come together and where Bcl-2 family proteins tend to be concentrated. Antonsson et al (1997) , reported that in lipid vesicles at neutral pH Bcl-2 was able to prevent Bax-channel formation. When Bcl-2 was incubated with carboxyfluorescein-loaded vesicles at pH 7.0 (where Bcl-2 would have no activity) prior to the addition of Bax at a 1: 10 Bax-Bcl-2 ratio, Bax channel activity was abolished (Antonsson et al, 1997) . This antagonism of Bax channel activity was specific to Bcl-2 as control proteins had no effect on channel formation. It is unclear as to the nature of the interaction between Bcl-2 and Bax that impedes channel formation, and at what point the interaction occurs. For example, Bcl-2 might interfere with Bax by binding to it in solution before it contacts membranes or inserts into membranes. Assays of Bcl-2 vesicle association done in this laboratory indicate that at pH 7.0, Bcl-2 has an affinity for the membrane surface. This result would suggest that Bcl-2 would be bound to the membrane surface, but unable to insert into the membrane bilayer at pH 7.0. Bax-Bcl-2 interactions at the membrane surface could prohibit Bax from undergoing the transition from the soluble to membrane-inserted state (Figure 3) . At pH 4.0, however, where Bcl-2 displays its own channel-forming capability, the addition of Bcl-2 and Bax together to a vesicle suspension causes an enhanced rate of efflux, presumably due to an additive effect (our unpublished results). Thus, further investigations of the interactions between Bax and Bcl-2 channels are required to gain better understanding of how Bcl-2 might antagonize Bax channel formation in some cases and not others. In particular, studies of interactions of Bcl-2 and Bax channels in planar bilayers should be very informative.
In vivo significance of pore formation
The idea of the Bcl-2 family proteins functioning as poreforming proteins is still in its infancy and explanations of a physiological role for pore formation by these proteins are at best highly speculative. Although pore forming propensity appears to be a trait that is shared by several of the Bcl-2 family members, it remains to be demonstrated whether these proteins actually form pores in vivo, and if they indeed do, what is the functional significance of the resultant pore. It is also unclear why both pro-and anti-apoptotic proteins should share pore forming capability, although the recent demonstration that under certain conditions Bcl-2 can block Bax pore formation partially relieves this dilemma. Other than what can be indirectly gleaned from ion conductance measurements, there is as yet no information regarding the in vivo channel lumen diameters of the Bcl-2 family channels and this characteristic will be important in defining just what sorts of molecules these channels can accommodate in their lumens. Also, it is unclear what the molecularity of the channels are, although it seems clear that the channels must be formed by more than one molecule, as the two central hydrophobic helices are insufficient to completely line a channel lumen. Several possibilities for how Bcl-2, Bcl-X L , and Bax can regulate apoptosis through pore formation can be envisioned.
Bcl-2 regulation of mitochondrial permeability transition
One early event associated with apoptosis is a decrease in the mitochondrial membrane potential (Zamzani et al, 1995) , and this increase involves the so-called mitochondrial permeability transition'. This phenomenon is characterized by an increased permeability of the inner mitochondrial membrane to solutes 41500 Da (Zoratti and Szabo, 1995) which is caused by the opening of pores formed by multiprotein complexes situated at mitochondrial membrane contact sites. The PT may play an important role in regulation of Ca 2+ homeostasis, as recently demonstrated (Schinder et al, 1996; Ichas et al, 1997) . One important feature of the PT is its voltage dependence and its openings and closing are highly dependent on the mitochondrial membrane potential (DC m ). Therefore, a drop in DC m such as that which occurs early during apoptosis could result in PT opening. The overexpression of Bcl-2 prevents this early perturbation of DC m and the subsequent PT opening. Bcl-2 pore formation could serve to offset ion imbalances that may result in a lowered DC m , and thus restore DC m to normal levels, preventing PT opening. Interestingly, patch clamp measurement of channel conductances present in a mitochondrial fraction enriched in contact sites yielded evidence for a variety of channels, some in the 10 ± 80 pS range, others conducting at 475 and 550 pS (Moran and Sorgato, 1992) , which corresponds to channel conductances observed for Bcl-2, Bax, and Bcl-X L , respectively. A new method to study intracellular ion channels in situ using double-barreled patch clamp electrodes may provide access to record directly the PT channels and their regulation by Bcl-2 family proteins (Jonas et al, 1997) .
Another possibility for the function of the Bcl-2 family pores is as conduits for proteins. The role of cytochrome (Cyt c) release from mitochondria during apoptosis has taken on an increased importance. Cyt c, which normally skitters across the mitochondrial inner membrane as part of the electron transport chain is somehow freed from the confines of the mitochondrial inter-membrane space and after gaining access to the cytosol, plays a role in the activation of caspases, a family of proteases involved in the ultimate degradation of the cellular framework (Kluck et al, 1997) . Bcl-2 was able to block the release of Cyt c from the mitochondria in intact cells and in a cell-free extract, and it did so at the level of the mitochondria, as addition of exogenous Cyt c circumvented this blockage. Perhaps Cyt c is escaping the mitochondria using the PT pore as its portal, and Bcl-2 with its ability to block PT is shutting this escape hatch. Alternatively, Bax, which also situated in the outer mitochondrial membrane, perhaps also at contact sites, could provide the gateway to cytosol for Cyt c. Again, Bcl-2 with its ability to block Bax pore formation under certain conditions could conceivably block release of Cyt c into the cytosol.
Lastly, the insertion of Bcl-2, Bax, and Bcl-X L proteins into membranes may be of greater importance to their function as adaptor or docking proteins than for pore formation. Bcl-2 and Bcl-X L have shown affinity for a host of proteins, among them the protein kinase Raf-1, the protein phosphatase calcineurin, as well as other proteins with illdefined functions such as CED-4 and the Hsp70/Hsc90 modulating protein BAG-1 (reviewed in Ha È cker and Vaux, 1995) . In contrast, Bax shows no affection for these proteins, perhaps due to its lack of a BH4 domain, which is important for several of these interactions (Wang et al, 1996) . It is possible that the BH4 domain is tucked out of reach in the uninserted state of Bcl-2 and Bcl-X L , but becomes accessible upon insertion of the central hydrophobic helices (Figure 2 ). Similarly, recent structural studies (Sattler et al, 1997) of the Bak BH3 peptide bound to the aforementioned groove suggest that the peptide insertion could prevent access or freeing of the BH3 domain for interaction with other BH3-containing proteins.
Much remains to be explored concerning pore formation by the trio of Bcl-2, Bcl-X L , and Bax, and even whether the other members of the continually growing Bcl-2 family share the channel-forming trait. In this regard, it seems highly unlikely based on sequence comparisons and secondary structure predictions that the`BH3-only' branch of the Bcl-2 family (Bik, Bad, Bak and Hrk) will form channels. Thus, these members of the Bcl-2 family seem likely to be relegated to the role of trans-dominant inhibitors of anti-apoptotic proteins such as Bcl-2 and Bcl-X L . Of utmost importance will be the elucidation of the in vivo importance of the pores created by Bcl-2, Bcl-X L , Bax and other structurally similar members of the Bcl-2 family. How these proteins make the transition from a soluble to membrane-inserted state, the dynamics and reversibility of the process, as well as which protein-protein interactions regulate this event are also critical questions. With continued investigations, however, the answers to these and other related questions are likely to shed bright light on one of the most important points for regulating the pathways of programmed cell death and apoptosis.
